BODY WEIGHT, BODY COMPOSITION, AND ENERGY stored in adipose tissue are determined by a complex combination of genetic and environmental factors (6, 44) . Identification of genes underlying predisposition to these traits may help to elucidate the fundamental mechanisms of growth and obesity. In humans, such knowledge would be valuable in the development of diagnostic and therapeutic approaches to treat obesity and comorbidities. In food-producing animals, it could enable manipulation of growth and body composition through markerassisted selection or by transgenic strategies.
Lines of mice that have undergone long-term selection provide a uniquely powerful model to dissect and understand the complex polygenic architecture of quantitative traits with relevance to biomedicine and animal agriculture. The M16 line was the result of 27 generations of selective breeding for rapid growth rate (15) , resulting in correlated responses of polygenic obesity and symptoms of type II diabetes (2) . Full-sib mating within M16 has led to a fully inbred derivative denoted as M16i (21) .
One method for identifying genes that regulate complex traits is quantitative trait locus (QTL) mapping. Many successful efforts to map QTL for growth and obesity in mice (33) and humans (43) have been published, including large-scale studies employing the M16i line (37, 38) . However, a deficiency of the QTL approach is that resolution of mapping includes broad genomic confidence intervals encompassing hundreds or even thousands of genes, rendering positional cloning an extremely difficult proposition.
Several strategies have been proposed to increase the physical resolution of QTL detection (1) including fine mapping, using interval-specific congenic strains (11, 12) , genometagged mice (19, 20) , and chromosome substitution strains of mice (42) . Congenic strains differ from their founder strains only for the genomic region containing a specific, well-defined chromosomal interval. Other strategies such as recombinant progeny testing have been successfully incorporated into finemapping paradigms to increase resolution (8, 10, 18, 26, 27, 52) . The basis of progeny testing is to identify recombinant individuals in the interval where the putative QTL is located, propagate progeny representing the alternative allelic forms in this region, and determine whether there is a phenotypic difference among allelic class means (26) .
In our QTL studies using the M16i line, a common finding is that the distal region of chromosome 2 harbors one or more QTL with very large effects on traits related to growth, body weight, and fatness (33, 37, 38) . To fine map these QTL, we developed a congenic line [M16i.B6-(D2Mit306-D2Mit52); MB2] using M16i as the recipient for a ϳ38-cM region on mouse chromosome 2 (MMU2) from the inbred line C57BL/ 6J. The phenotypic characterization of the MB2 congenic line was described previously (21) . Briefly, absence of M16i alleles in this 38-cM region on MMU2 resulted in a 60% decrease in adiposity and 15% decrease in body weight in MB2, confirming the existence of loci within this region that have large effects on these traits. Several other studies have found QTL in this region with effects on body weight and adiposity (34, 49) , and recent reports have described characterization of congenic lines with a variety of donor and recipient backgrounds (13, 49) with relevancy to gene discovery on MMU2.
We now report on use of the MB2 congenic strain to fine map and better characterize the QTL on distal MMU2. Using a combination of a large F 2 intercross between M16i and MB2, and extensive progeny testing of F 2 males with defined recombinations within the QTL region, we have built a map of QTL in this region, estimated their locations within intervals of 1.4-4.5 cM, and further defined the phenotypic consequences Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
of alternative QTL alleles. Results of this effort will be instrumental in facilitating positional cloning of the underlying polygenes in this region of the mouse genome that help regulate predisposition to growth and obesity.
MATERIALS AND METHODS
Mouse lines. Mouse lines used in these studies included the polygenically obese M16i line and the MB2 congenic line [M16i.B6-(D2Mit306-D2Mit52)] derived from the M16i line as recipient for a ϳ38-cM region of MMU2 from the inbred line C57BL/6J (C57) obtained from the Jackson Laboratory (Bar Harbor, ME). The M16 line was derived from an outbred population (ICR) selected for rapid 3-to 6-wk weight gain for 27 generations (15) . Subsequently, over 20 generations of full-sib mating were implemented to produce the inbred M16i line. Details of development of MB2 and phenotypic comparison between MB2 and M16i were previously reported (21) .
Mouse care and maintenance. Fraternal litter size was standardized 1 day after birth to 10 pups per litter. Pups were weaned at 3 wk and housed three to four per cage (by sex) with ad libitum access to feed (Teklad 8640 Rodent Chow) and water. Mice were reared at 22°C and 30% relative humidity and with a 12:12-h light-dark cycle, with lights on at 0700. All procedures and protocols were approved by the University of Nebraska Institutional Animal Care and Use Committee.
Experimental design. The general experimental approach for fine mapping the MMU2 QTL involved creation of an F 2 intercross population between M16i and MB2, followed by progeny testing of recombinant F 2 males (Fig. 1) . Work was divided into three specific phases: 1) initial selective genotyping of F2 with extreme fatness phenotypes to narrow the region containing the QTL, 2) QTL analysis of the entire F 2 population to obtain additional mapping resolution, and 3) recombinant progeny testing of recombinant F2 males to evaluate specific and defined segments for the presence of QTL.
Creation of the M16i ϫ MB2 F2 intercross population. A large F2 population (n ϭ 1,200 mice) was created over four consecutive time periods (replicates) from a cross between MB2 and M16i. Matings in periods 1 and 3 were repeated in periods 2 and 4, respectively. The resource population was created by reciprocal crossing of five males with five females representing each line to produce the F 1 generation, and then intermating the resulting F1 males and F1 females to produce the F2 population.
Recombinant progeny testing. Thirty-five males carrying a recombinant segment of chromosome 2 between markers D2Mit304 and D2Mit52 were used in the F 2 population as sires for recombinant progeny testing (RPT). These males possessed one evident recombinant (based on marker genotyping) in at least one of seven possible marker-to-marker intervals of the congenic segment. The progeny test involved crossing each recombinant male to four C57 and two M16i females, generating 424 and 241 F 3 mice, respectively.
Measurement of phenotypes. The same phenotypic variables were measured in both the F 2 and RPT populations. Body weight was measured at 3, 6, 9, 12, and 15 wk of age. At 15 wk, all mice were killed by cervical dislocation after 1.5 h of fasting. The head was removed and trunk blood was collected, with serum subsequently separated by centrifugation and stored at Ϫ80°C. The subcranial body was then scanned using dual-energy X-ray absorptiometry (DEXA; Lunar, Madison, WI) to measure total body fat (FAT), total lean tissue (LEAN), and overall bone mineral density (BMD). These DEXA traits were evaluated for replicates 3 and 4 of the F2 population and all RPT progeny. For all mice, the right-side epididymal (male) or perimetrial (female) fat pad (PAD) and liver (LIV) were dissected, weighed, snap frozen in liquid nitrogen, and stored at Ϫ80°C. Serum glucose was measured with the glucose oxidase method, using the SureStep Blood Glucose Monitoring System (LifeScan).
Genotyping. DNA lysate was prepared from toe clips (used to identify mice at 12 days of age) or from tail clip samples, following a general method described previously (35) . Aliquots of 5 l of DNA lysate were dispensed into 384-well plates, dried at room temperature, and stored at Ϫ40°C. Genotypes were determined by PCR using infrared dye labeling, followed by electrophoresis and analysis on the LI-COR Model 4200 IR2 system (LI-COR, Lincoln, NE). Gels were analyzed using Gene ImagIR analysis software (LI-COR) to determine allele sizes of each individual.
Genotyping was performed in three phases. Initially, selective genotyping was employed based on weight of epididymal and perimetrial PAD as percentages of body weight, selecting the highest and lowest (48 mice in each of the high and low groups, with approximately equal representation of each sex) from replicates 1 and 2. These 96 samples were scored for 16 markers covering the complete congenic segment of MMU2. Second, all F2 males from replicates 3 and 4 were genotyped for eight markers [between markers D2Mit304 Fig. 1 . Overall experimental approach for quantitative trait locus (QTL) fine mapping. Three phases were used: 1) selective genotyping to define significant intervals within the congenic region, 2) full genotyping and QTL analysis within the significant intervals, and 3) recombinant progeny testing. Reps, replicates.
and D2Mit52 (Table 1) , as determined by analysis of the selective genotyping results]. This step identified males with specific recombinations to be used for RPT. Finally, all individuals in the F 2 and RPT populations were subsequently genotyped for these eight markers.
Statistical analysis: selective genotyping. Replicates 1 and 2 of the F 2 population were used for these analyses. Deviation from Mendelian expectations (1:2:1) of individual markers within selectively genotyped mice was evaluated using two chi-square analyses. The first determined whether genotypic frequency for the given marker within the high or low selected phenotypic groups differed from the 1:2:1 Mendelian ratio expected for the null hypothesis of no linkage of the given marker to a hypothesized QTL in the region. The second analysis tested for marker allele frequency equivalence between the high and low selected phenotypic groups (High-Low), which is also expected under the null hypothesis of no linkage of the given marker to a QTL. Effects of individual marker genotypes were evaluated by analysis of variance, using the PROC MIXED procedure of SAS (39) . Fixed effects included sex, marker genotype, and genotype-by-sex interaction, with dam as a random effect.
Statistical analysis: QTL detection. A total of 18 traits were analyzed for the presence, most likely position, and effects of QTL in the complete F 2 population (n ϭ 1,200). Descriptive statistics and distributions for each trait were calculated using the MEANS and UNIVARIATE procedures of SAS (39) . Various fixed effects were tested for each trait, including sex, replicate, family, and possible two-way interactions among these, using the GLM procedure of SAS (39) . Traits displaying a significant departure from a normal distribution (PADP, FATP, LEANP; see RESULTS) were normalized, using a log transformation. Phenotypic correlations among the traits, adjusted for sex, were estimated using multivariate analysis of variance (PROC MANOVA; SAS).
To test for segregation distortion, marker genotype frequencies in the F 2 were compared with the expected Mendelian ratio of 1:2:1 using a chi-square test. For all markers, the null hypothesis of expected Mendelian segregation was not rejected using a Bonferroni protected significance threshold of P Ͼ 0.006. This analysis also enabled evaluation of systematic genotyping errors, and none were found. Marker linkage maps were generated with MAPMAKER/EXP and marker distances calculated in this specific cross (Table 1) were used in the subsequent QTL analysis. Positions of markers and QTL (with their respective confidence intervals) were estimated in the physical map, using the Ensembl Mouse Genome Server.
Residuals from the fixed effects models were utilized with QTL Cartographer (v.1.15; Ref. 4) to first perform simple interval mapping (SIM) analysis (23) . To obtain better resolution and precision of QTL location and effect, a composite interval mapping (CIM) analysis (53, 54) was performed. A forward-backward stepwise regression procedure (4) with a 0.01 threshold for the addition and elimination of new markers was used to select background factors for CIM, and a 0.5-cM window size was adopted. Experiment-wise significance thresholds were established with at least 1,000 permutations (4, 9) . Additive (a) and dominance (d) effects of each QTL were estimated. Effects of QTL were estimated as the percentage of residual phenotypic variance explained by the QTL, and confidence intervals (CI) for each QTL were determined using a 1-LOD drop from the QTL peak (23) .
Statistical analysis: RPT. To further fine map QTL, two approaches were used: the recombinant ancestral haplotype analysis (17) and the contrast mapping method (48) .
Phenotypic averages of haplotypes or offspring groups were calculated and contrasted to derive a specific comparison for each marker interval (48) . The expectation is that the interval-specific contrast will be maximal in the true interval; therefore, the maximum P value (more significant) observed among the observed contrasts is assumed to contain the QTL. Data were analyzed using the GLM procedure of SAS (39) with the fixed effect of haplotype, sex, and sire. Haplotype effects were analyzed by defining contrasts to test specific allele substitution effects to determine the QTL effect at each specific interval.
RESULTS

Phenotypic characterization of the M16i ϫ MB2 F 2 population.
Means, standard deviations, and ranges for all traits averaged across males and females in the M16i ϫ MB2 F 2 population are presented in Table 2 . These traits include body WT6, 6-wk body wt; WT9, 9-wk body wt; WT12, 12-wk body wt; WT15, 15-wk body wt; GAIN3-6, body wt gain between 3 and 6 wk; GAIN6-9, body wt gain between 6 and 9 wk; GAIN9-12, body wt gain between 9 and 12 wk; GAIN12-15, body wt gain between 12 and 15 wk; LIV, liver wt (g); LIVP, liver wt expressed as percent kill wt; PAD, epididymal or perimetrial fat pad wts (g); PADP, fat pad wt expressed as percent kill wt; FAT, total fat wt; FATP, total fat wt expressed as percent kill wt; LEAN, g of total lean; LEANP, total lean wt expressed as percent kill wt; BMD, bone mineral density; GLU, glucose (dl/ml). Units for all WT and GAIN traits are in g.
weight at 6 (WT6), 9 (WT9), 12 (WT12), and 15 wk (WT15); body weight gain between 3 and 6 (GAIN3-6), 6 and 9 (GAIN6-9), 9 and 12 (GAIN9-12), and 12 and 15 wk (GAIN12-15); liver weight (LIV); liver weight expressed as percent kill weight (LIVP); epididymal (males) or perimetrial (females) fat pad weights (PAD); fat pad weight expressed as percent kill weight (PADP); total fat weight (FAT); total fat weight expressed as percent kill weight (FATP); total lean weight (LEAN); total lean weight expressed as percent kill weight (LEANP); BMD; and blood glucose. A very large variation in phenotypes was created in the F 2 Phenotypic correlations between WT15, body composition traits and glucose in the F 2 population are presented in Table 3 . As expected, WT15 is highly correlated with PAD, LIV, FAT, LEAN, and BMD. However, these correlations were much smaller in magnitude when composition traits were expressed as a percentage of body weight. Both LIV and LIVP are positively correlated with LEAN and LEANP and negatively correlated with all fat traits. The high correlation between PAD and FAT (r ϭ 0.832) demonstrates that PAD is a relatively good predictor of FAT in this population. All fat traits had high negative correlations with lean traits. Correlations between weight and composition traits with glucose were low (0.1-0.2) but significantly (P Ͻ 0.01) positive.
Selective genotyping of the M16i ϫ MB2 F 2 population. Observed segregation ratios for 16 markers covering the congenic region (61-99 cM) of MMU2 in mice with the highest and lowest phenotypes for PADP in the M16i ϫ MB2 F 2 population did not deviate from expected (1:2:1) in the high group, but differences were observed in the low group and between the two groups (High-Low) for markers located between 71 and 99 cM (Table 4) . Eight markers mapping between 73 and 99 cM on chromosome 2 showed potential linkage (P Ͻ 0.05) with putative QTL regulating adiposity (Table 4) . These eight markers were thus genotyped in the entire F 2 population, and all subsequent description and discussion of results (including all figures) relate to this reduced region (D2Mit304 to D2Mit52) and not the full congenic region (D2Mit306 to D2Mit52).
QTL analysis. Positions of markers based on linkage analysis in the F 2 population and comparison with those found in the Mouse Genome Database (MGD; http://www.informatics. jax.org/) and with the physical map from the Ensembl Mouse Genome Server (MGSC; http://www.ensembl.org/Mus_ Table 1 . In general, our linkage map agreed with the linkage map from the MGD; the largest discrepancy is for the interval between D2Mit106 and D2Mit411 (8.4 vs. 2.0 cM). A discrepancy between our linkage map and the physical map from the MGSC was observed for markers D2Mit411 and D2Mit343. On the basis of the MGSC, marker D2Mit411 is located at 160.2 Mb, distal to marker D2Mit285, and marker D2Mit343 is located at 169.9 Mb, distal to marker D2Mit52. Clearly, knowing the true locations of the markers used in this study is critical in resolving QTL positions based on fine mapping. These discrepancies will likely not be adequately clarified until additional sequencing is completed across several mouse strains and a consensus physical map is generated with very high confidence. Because the linkage map generated in this study is based on a very large number of meioses, we consider this order and spacing of markers to be suitable for use in interpreting fine-mapping data within this population.
SIM analysis detected loci influencing WT9, WT12, WT15, GAIN6-9, PAD, PADP, LIV, LIVP, FAT, FATP, LEANP, and BMD (data not shown). The experiment-wise 5% LOD for SIM, based on permutation analysis of all traits, ranged between 2.8 and 3.5. For simplicity, the average of 3.15 was used as the significant threshold for all traits.
The location of, peak LOD score for, and effect of QTL, using CIM, are presented in Table 5 . The 5% experiment-wise significant threshold (LOD) determined from 1,000-permutation testing ranged from 3.0 to 4.5 across the traits measured (displayed as horizontal dotted lines in Figs. 2-6) . Most of the QTL map to positions that are similar to those determined in earlier studies; thus new symbols representing these QTL are not provided, and reference should be made to the QTL symbols proposed by Rocha et al. (37, 38) . Figure 2 graphically displays CIM results for WT9, WT12, WT15, and GAIN6-9. A single QTL flanked by markers D2Mit194 and D2Mit343, but more closely linked to D2Mit194, appears to explain the observed variation in these four weight traits. The CI for this QTL is between 136.5 and 147.5 Mb (78.1-82.4 cM). The proportion of residual phenotypic variance explained by this body weight QTL ranged from 2.5 to 3.8%. A QTL detected for BMD and another for LEANP mapped to slightly different positions but still close to marker D2Mit194 (Fig. 3) . The most likely positions for each of these QTL were essentially within each of their respective CIs (Table  5) , which might imply a single pleiotropic QTL. The QTL for BMD and that for LEANP explained 8.5 and 11.7% of the phenotypic variance for each trait, respectively.
For traits representing measures of adiposity, evidence for up to three different QTL was detected (Figs. 4 and 5 For descriptions of traits, see MATERIALS AND METHODS. QTL, quantitative trait loci; CI, confidence interval; cM, position of QTL adjusted to approximate MGD positions of the maximum LOD peak; Mb, position of QTL adjusted to approximate Mb positions using Ensembl; Peak Marker, closest marker to QTL; LOD, significant linkage (P Ͻ 0.05) was defined as LODϾ2.89 based on 1,000 permutations; Var, percent residual phenotypic variation accounted for by the QTL; Additive, additive effect of replacing an M16 allele with one C57 allele; Dominance, dominance deviation of a heterozygous QTL genotype from the mean of the two homozygotes. explains 8.7 and 10.8% of the phenotypic variation of PADP and FATP, respectively. A third QTL for PADP was detected between D2Mit343 and D2Mit285, with a CI between 154.0 and 156.9 Mb (84.6-86.4 cM). This QTL explains 8.3% of the phenotypic variance in PADP. Figure 6 shows a QTL influencing LIV and LIVP mapping close to D2Mit106, in an interval between D2Mit304 and D2Mit106. This QTL accounts for ϳ4.0% of the residual phenotypic variance for LIV, with a CI between 128.5 and 134.5 Mb (73.0-76.6 cM).
The mode of gene action for all QTL detected in this study was almost entirely additive in nature ( Table 5 ). Estimates of additive effects for each of the detected QTL demonstrate that the C57 allele always decreases body weight, fat, and BMD, while increasing lean tissue, relative to the M16i allele.
RPT. Progeny were grouped into distinct paternal multimarker haplotypes, with haplotypes differing as to the location of single recombination events. Details of each haplotype class, genotype, and markers present in each interval are presented in Table 6 .
The P value from an interval-specific contrast was used as the criterion for determining QTL effect. Table 6 shows the defined contrasts and the P values for the parental haplotypes. The maximum P value observed between contrasts is assumed to represent the interval harboring the QTL. Recombinant progeny with haplotype MH2 (interval 75.6-77.6 cM) were significantly different from those with MH4 (interval 81.4-84 cM) for WT12 (Fig. 7) . Furthermore, the reciprocal comparison (haplotypes HM4 vs. HM2) was also significantly different for WT9 and WT12. In both groups, mice with homozygous M16 genotypes at D2Mit411 and at D2Mit194 were heavier than mice that had heterozygous genotypes at those markers. The contrast between recombinants from M16i dams showed significant phenotypic effects upon allele substitution in two adjacent marker intervals (D2Mit106-D2Mit411 and D2Mit194-D2Mit343); however, no mice with the intermediate haplotype HM3 or MH3 were obtained in this study. As a result, a precise determination of which of the two intervals is more likely to harbor the QTL is not possible from the current data.
As was seen for body weight, mice with recombinations in interval 2 (75.6-77.6 cM) had significantly different body composition phenotypes vis a vis those with recombinations in interval 4 (81.4-84 cM). Mice with haplotype HM4 (interval 4) possessed more PAD, FAT, and FATP (Fig. 7) than those with HM2 (interval 2). The interval-specific contrast was maximized in terms of P value within the marker interval D2Mit343-D2Mit285 (Table 6 ). Haplotype MH5 (interval 84.2-86.0 cM) was different from MH6 (interval 86.0-92 cM) in terms of PAD, PADP, FAT, and FATP phenotypes. Progeny with two copies of the M16i allele at marker D2Mit285 had more PAD and FAT than those with one copy. When comparing recombinants from the C57 background, the interval from 81.4 to 84.2 cM also appeared to harbor a QTL. The haplotype with recombinants in the interval 81.4-84 cM (HC4) had lower PAD, PADP, FAT, and FATP than the haplotype with recombinants in the interval 84.2-86.0 cM (HC5) (Fig. 7) . No significant contrast differences were detected for LIV or BMD (data not shown).
Interestingly, nearly all contrasts found to be significant (P Ͻ 0.01) within recombinant haplotype classes were found in the subset of data generated by M16i dams. The parallel contrasts in the subset of data generated by the C57 dams for the most part approached significance, so it is likely that this observation reflects differences in magnitude or scale of QTL effects in the two genetic backgrounds. 
DISCUSSION
Whole genome scans have proven to be extremely useful for coarse mapping of the chromosomal locations of QTL. However, proceeding from initial QTL mapping to eventual cloning of the underlying responsible gene(s) remains a very difficult and elusive task. Further mapping using congenic lines and subsequently subcongenic lines (or recombinant progeny testing) offers a means for more precise QTL localization, and establishes definitive limits for a QTL-containing region (31) . The combination of interval-specific congenic strains and recombinant progeny testing has led to successful reduction of QTL intervals, and positional identification of at least one confirmed QTL with very large effect has resulted from such efforts (3) .
Using the M16i model of polygenic obesity, Pomp (33) reported two QTL (Pfat1, Pfat2) in an interval of ϳ12 cM on MMU2 affecting both fat and body weight. Rocha et al. (37, 38) also reported QTL for body weight and fat-related traits in a second cross utilizing M16i, providing significantly more details on location, effects, and gene action of the QTL. Many other studies (7, 16, 25, 29, 47, 50) , using a variety of different mouse strains, have also reported QTL for body weight and/or fatness within or near this same interval, supporting the significance of distal MMU2 for the genetic regulation of growth and body composition. This region of MMU2 is uniquely conserved relative to HSA20 (55), which harbors QTL for obesity and non-insulin-dependent diabetes mellitus phenotypes based on multiple reports.
In a previous study (21), we described development and characterization of the MB2 congenic line [M16i.B6-(D2Mit306-D2Mit52)], consisting of the M16i line as host harboring ϳ38 cM of distal MMU2 from C57BL/6J. The replacement of M16i alleles with C57 alleles in the congenic region on MMU2 resulted in a decreased adiposity of 60% and a decreased body weight of 15%, as well as decreased levels of plasma leptin, insulin, and glucose. In this study, we used a cross between M16i and MB2 to further confirm the presence in this region of M16 alleles with large effects on growth and fatness, and to fine map their locations.
Initially, selective genotyping based on percentage epididymal/perimetrial fat (PADP) in the F 2 population allowed the chromosomal interval harboring QTL to be reduced from 38 to 26 cM. Genotypic frequencies deviating from Mendelian expectation, which suggests linkage to a QTL, were observed only within the low selected group. This result strongly suggests a strong relationship of the low fat phenotype with the absence of the M16 allele in the distal MMU2. There may be more genetic heterogeneity within the high fat extreme relative to the low fat extreme, which has been observed previously in a different mouse model of polygenic obesity (40) . Using the full F 2 population, we next delineated QTL effects to smaller, marker-defined regions, effectively reducing the QTL intervals for body weight, total lean, total fat, and BMD to regions of 1.5-4.5 cM. This also allowed us to definitively determine that the large QTL effects on MMU2 observed in previous crosses using M16i (37, 38) , and confirmed in the characterization studies of the MB2 line (21) , are actually the result of multiple linked genes as previously suspected (13, 33, 37, 38) for this region. The general finding that an initially strong QTL peak is represented by the presence of more than one underlying gene confirms previous theory (33) and supports similar recent evidence from other regions (45) .
The close proximity of a significant QTL [likely representing Epfq1 and Scfq1, from Rocha et al. (37, 38) ] associated with fat, lean, and BMD to a QTL affecting body weight [likely representing W10q1, from Rocha et al. (37) ] suggests strong pleiotropic effects of a single underlying gene. The strong correlation structure between these traits supports this theory. Further evaluation such as multiple-trait QTL analysis may help test this hypothesis of the presence of a single QTL with pleiotropic effect on body weight and body composition, but definitive proof will require identification of the underlying gene and its function.
Epididymal (or perimetrial) fat is a reliable predictor of total body fat (r ϭ 0.82). The expectation in this study was to find the same QTL for both traits. However, we found one QTL influencing PADP but not (simultaneously) influencing percentage of total body fat. Mehrabian et al. (29) found differential genetic effects on measures of regional body fat. The proximal (Mob7) and central (Mob6) QTL on MMU2 influenced subcutaneous fat, whereas a more distal QTL (Mob5) affected percent total body fat. A similar pattern was found in this study. Our distal QTL mostly affected total body fat, whereas the proximal QTL influenced percentage of epididymal/perimetrial fat.
As suggested above, the fact that the QTL affecting fatrelated traits (PAD and FAT) are located at the same marker interval as the QTL for body weight (D2Mit194-D2Mit343) is probably due to variation in body weight. However, the second Table 6. peak located between D2Mit343 and D2Mit263 [likely representing Epfq2, from Rocha et al. (37, 38) ] appears to influence adiposity independently of body weight. Together, these two QTL regions explain ϳ30% of the variation in the F 2 population, which is in line with expectations based on the heritability of body fat levels.
A QTL was found to affect liver weight within the interval D2Mit304-D2Mit106 (3.2 cM) , similar to what was found (Lvrq1; Ref. 37) using the M16i ϫ L6 cross. Moody et al. (30) reported seven QTL affecting liver weight, each accounting for 2-5% of residual variance, but none of these QTL mapped to MMU2. Leamy et al. (24) , using a backcross between Cast/Ei and M16i, reported a QTL for liver weight close to marker D2Mit164, which is 2 cM distal to that found in this study. Most likely, the QTL from the present study and from Leamy et al. represent the same underlying gene.
BMD is a predictor of skeletal fragility underlying osteoporosis (36) . Masinde et al. (28) reported nine QTL on chromosomes 1, 2, 4, 9, 11, 14, and 15 for BMD in a mouse intercross. One of the two QTL on chromosome 2 reported by Masinde et al. coincides with the QTL reported in this study, also supporting additional previous findings (5, 22) .
The recombinant progeny testing element of this study involved identifying recombinants in the congenic interval, propagating these recombinants into progeny, and then performing contrast analysis to determine the existence of phenotypic differences among marker (or haplotype) class means (8, 26) . Because the alleles at the QTL segregate, marker allelic means should give rise to phenotypic contrasts that will be large or small depending on where the QTL lies with respect to a marker-interval recombination point. For all traits except BMD, analysis of the segregation of parental recombinant haplotypes confirmed the existence of QTL but did not further increase mapping resolution relative to the large F 2 intercross. Considered independently, both methods provided similar results and were equally valuable in this fine-mapping effort, but their benefits were not additive or synergistic. The absence of recombinant progeny in interval 3 impeded making gains in mapping resolution. The distance between markers D2Mit194 and D2Mit343 is 2.8 cM, so that additional recombinants within that interval would help reduce the size of the QTL region. Further genotyping within the RPT population will be useful in this regard and may thus provide benefits beyond those obtained from the F 2 mapping. Denser genotyping will also help resolve the actual placement of recombinations in haplotype classes where there are two or more males, which would aid in achieving finer mapping of the QTL.
Several potential candidate genes that may underlie these fine-mapped QTL can be identified based on their map positions and their associations with known biological mechanisms of growth and/or fatness. There are also still many other genes in this region with functions that are as yet unknown. And furthermore, the nature of a QTL may be regulatory and may not represent genetic variation within primary genes of a pathway. Microarray analysis can be an important tool in candidate gene selection, especially if the array included essentially all transcripts residing in the QTL interval. However, utility of expression analysis in this regard assumes existence of detectable differences in steady-state mRNA levels at the temporal and spatial coordinates selected for study. A previous transcriptional profiling revealed differential expression of several genes in liver and adipose tissue between the M16i and MB2 lines (21) , several of which map within the CIs of the QTL for liver, body weight, lean, and fat (Table 7) . On the basis of this differential expression and on their map position, these genes become viable positional candidates for the QTL fine mapped in the present study, although none of them maps in close proximity to any of the QTL for body weight. In particular, somatostatin receptor 4 (Smstr4, located at 148 Mb based on the MGSC) maps directly on top of the peak for a QTL impacting fat and lean tissue mass. Additional examples of differentially expressed genes mapping in close proximity to QTL detected in this study include the acetyl-CoA synthetaselike (Acas2), MAPK phosphatase (Dusp15), and growth differentiation factor-5 (Gdf-5) loci (Table 7) . Strategies for determining that a gene underlies a QTL effect have been recently summarized (1). While detailed description of every candidate gene is not feasible within the context of this discussion, it is worth noting that the diminutive locus (dm), discovered on the basis of a spontaneous mouse mutant that was shorter than average with low body weight (45) , maps to 80 cM on MMU2, which coincides with one of the fine-mapped intervals harboring a body weight and fatness QTL in this study. It is thus possible that this QTL represents a hypomorph of the dm spontaneous mutation, the underlying gene for which has yet to be identified.
By identifying expression QTL that coincided with a QTL peak for, and had correlations with, subcutaneous fat mass, Schadt et al. (40, 41) proposed the NM_025575 and NM_15731 genes as candidates for the distal MMU2 QTL for dietaryinduced obesity, previously described (25) . These candidate genes are located at ϳ165 Mb based on the MGSC, thus falling outside the CIs for any of the QTL localized using the M16i selection line of mice.
The QTL characterized in this study are all harbored in the region of 130-160 Mb, based on the MGSC. The adiposity QTL recently fine mapped (49) using the UW-H3
b we Pax1 un a t /Sn (B10.UW) congenic strain is found in this same general region of MMU2. In addition, the B6.S-D2Mit194-D2Mit311 congenic strain was recently used to isolate a QTL for percent body lipid within the same interval (13) . In each of these cases, a C57-derived strain was used as recipient in the congenic line, and loss of C57 alleles led to a decrease in adiposity. This is in direct contrast to our work, where C57 was the donor strain for the congenic line, and where inclusion of C57 alleles dramatically decreased body weight and fatness. When the MB2 line was originally developed, a reciprocal congenic line (M16i as donor and C57 as recipient) was also initiated but did not reach fruition due to reproductive problems. The selection of C57 germplasm as a suitable contrast for M16 was based on two criteria. First, C57 is a widely used inbred line in biomedical (and obesity) research, and second, C57 mice have been shown to be relatively lean when fed a diet that was not high fat in nature (51) . The opposite effects of C57 alleles in the present study relative to previous studies (13, 49) may be attributable to our use of the polygenically obese M16i strain as recipient in the MB2 congenic line, or other genetic background interactions.
Extensive sequencing of genes within this region has not been carried out within the M16i line. Such information would be extremely valuable to identify possible polymorphisms between M16i and C57BL/6J. It would also provide increased power to the method of identifying candidate genes based on the pattern of polymorphisms across different strains (32) .
In summary, identification of genes underlying quantitative traits is a major challenge. Congenic strains and recombinant progeny testing, among other resources and strategies, are valuable tools for fine mapping of QTL. The polygenic obese M16 selection line is an excellent resource population to initiate positional cloning of novel genes with effects on growth and fatness that have been previously localized to distal MMU2, affecting growth at different ages, fat, lean, and BMD. In this study, the presence of several QTL on distal MMU2 affecting fatness and growth was confirmed and their locations mapped to intervals of 1.5-4.5 cM. Although recombinant progeny testing validated the existence and location of the QTL for most of the traits, little gain in resolution was obtained relative to mapping in the F 2 population. However, further addition of markers within the significant marker intervals will likely increase the mapping precision of the QTL using RPT. Several potential candidate genes were identified based on their map position relative to the QTL and their association with growth and fat metabolism.
